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Silke Carl,*,1 A. John Iafrate,†,1 Sabine M. Lang,* Christiane Stahl-Hennig,‡ Eva M. Kuhn,‡ Dietmar Fuchs,‡
Kerstin Ma¨tz-Rensing,‡ Peter ten Haaft,§ Jonathan L. Heeney, § Jacek Skowronski,† and Frank Kirchhoff*,2
*Institute for Clinical and Molecular Virology, University of Erlangen-Nuernberg, Schlossgarten 4, 91054 Erlangen, Germany; †Cold Spring Harbor
Laboratory, 1 Bungtown Road, Cold Spring Harbor, New York 11724; ‡German Primate Center, Kellnerweg 4, 37077 Go¨ttingen, Germany; and
§Department of Virology, Biomedical Primate Research Center, Lange Kleiweg 157, 2288 GJ Rijswijk, The Netherlands
Received December 3, 1998; returned to author for revision January 11, 1999; accepted February 5, 1999
Variants of the pathogenic SIVmac239 clone with changes in Nef were analyzed to assess the functional relevance of two
highly conserved regions in Nef in vitro and in vivo. Changes in a region with an acidic charge (Aci-Nef), or a potential protein
kinase C phosphorylation site (PKC-Nef), impaired the ability of Nef to down-regulate CD4 and MHC class I surface
expression and to alter CD3-initiated signal transduction in Jurkat T cells. The Aci-Nef, but not the PKC-Nef, associated with
the previously described p65 phosphoprotein. SIV containing Aci-Nef, but not SIV containing PKC-Nef, showed reduced
infectivity and replication in cell culture systems. One of two rhesus macaques infected with the PKC-Nef mutant virus
showed rapid reversion and progressed to disease. In the second animal no reversions and nonprogressive infection was
observed. In one of two macaques infected with the Aci-Nef variant, the mutations were stable during the first 40 weeks after
infection. Thereafter, variants evolved in which up to six of the eight mutated positions in Nef were reverted and functional
activity in vitro was partially restored. These changes occurred concomitantly with increasing viral load and disease
progression. The second animal infected with the Aci-Nef variant showed no reversions and remained asymptomatic. Our
study suggests that the acidic region and conserved PKC phosphorylation site in Nef are important for SIV replication in
rhesus macaques and for several in vitro Nef functions. An almost wild-type activity in in vitro infectivity and replication
assays seems insufficient to confer a full nef-positive phenotype in vivo. © 1999 Academic Press
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1INTRODUCTION
The nef gene is conserved among human and simian
mmunodeficiency viruses (HIV and SIV) and has an
mportant role in the pathogenesis of AIDS. While rhesus
acaques infected with the molecularly cloned SIV-
ac239 develop AIDS, animals infected with an SIV-
ac239 variant carrying a large deletion in nef show low
iral loads, show no signs of immunodeficiency, and are
rotected against challenge with pathogenic SIV isolates
Daniel et al., 1992; Kestler et al., 1990, 1991; Wyand et al.,
996). Moreover, some individual with nonprogressive
IV-1 infection harbor nef-defective forms of HIV-1 (Dea-
on et al., 1995; Kirchhoff et al., 1995). These findings
uggest that Nef is important for the virulence of HIV-1 in
umans and of SIV in rhesus macaques.
It remains an enigma which of the numerous in vitro
unctions of Nef that have been described are of crit-
cal importance in vivo. One effect, consistently ob-
erved with various primary HIV and SIV Nef proteins,
s the down-regulation of CD4 from the surface of Nef
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138xpressing cells (Anderson et al., 1993; Garcia and
iller, 1991; Goldsmith et al., 1995; Mariani and
kowronski, 1993). However, the relative activity of
rimary HIV-1 nef alleles varies considerably (Mariani
nd Skowronski, 1993; Mariani et al., 1996; Michael et
l., 1995), and the molecular mechanisms are not fully
nderstood. It has also been shown that Nef down-
egulates the expression of MHC class I molecules at
he cell surface and thus may allow the virus to evade
he cytotoxic arm of the immune response (Collins et
l., 1998; Le Gall et al., 1997; Schwartz et al., 1996).
arly reports suggested that Nef has a negative effect
n virus replication in transformed human T-cell lines
Ahmad and Venkatesan, 1988; Luciw et al., 1987).
ore recent studies, however, have demonstrated a
odest to strong growth advantage of HIV and SIV
ontaining an intact nef gene in primary cell cultures
Chowers et al., 1994; deRonde et al., 1992; Miller et
l., 1994; Sinclair et al., 1997; Spina et al., 1994), likely
epending on the activation status of the cells (Alex-
nder et al., 1997; Du et al., 1995, 1996; Miller et al.,
994; Saksela et al., 1995; Spina et al., 1994). It has
lso been reported that Nef increases the infectivity of
IV-1 particles (Aiken and Trono, 1995; Chowers et al.,
994; Goldsmith et al., 1995; Luo and Garcia, 1996;
inclair et al., 1997). Multiple effects of Nef on T-cell
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139SIV Nef FUNCTIONctivation have been described (Alexander et al., 1997;
aur et al., 1994; Du et al., 1995, 1996; Greenway et al.,
995; Skowronski et al., 1993), but it is not completely
nderstood how Nef interferes with cellular signal
ransduction pathways. Interactions of Nef with cellu-
ar kinases and phosphoproteins have been reported
reviewed in Saksela, 1997). These host cell proteins
nclude serine/threonine kinases (Bodeus et al., 1995;
uo and Garcia, 1996; Nunn and Marsh, 1996; Sawai et
l., 1994), Hck, Lyn, and Src tyrosine kinases (Du et al.,
995; Lee et al., 1995, 1996; Saksela et al., 1995), and
embers of the protein kinase C (PKC) family (Coates
t al., 1997; Coates and Harris, 1995; Luo et al., 1997;
mith et al., 1996). Several in vitro functions of Nef
ave been shown to be separable. It has been dem-
nstrated that intact HIV-1 Nef PxxP motifs are re-
uired for the enhanced growth of nef-positive HIV-1,
ut not for the down-regulation of CD4 (Saksela et al.,
995). It has also been shown that down-regulation of
D4 and of MHC class I surface expression, blocking
f CD3 signaling, and the association with p62/65 are
eparable properties of Nef (Greenberg et al., 1998;
afrate et al., 1997; Lang et al., 1997).
The apparent importance of HIV-1 and SIVmac Nef for
fficient replication and pathogenicity in vivo suggests
hat both Nef proteins play similar roles in the viral life
ycle. Some features are highly conserved among Nef
equences of HIV-1, HIV-2, and the SIVs. These features
nclude a region with an acidic charge and a potential
rotein kinase C phosphorylation site (Huang et al., 1995;
yers et al., 1993; Shugars et al., 1993). It has been
uggested that both regions may be important for Nef
unction. Several studies indicate that HIV-1 Nef interacts
ith kinases of the PKC family (Coates et al., 1995, 1997;
uo et al., 1997; Smith et al., 1996). The acidic element in
ef is important for efficient replication of HIV-1 (Kawano
t al., 1997) and is involved in trafficking of class I MHC
omplexes (Greenberg et al., 1998). To further elucidate
he functional relevance of these conserved Nef features
n vitro and in vivo, we investigated Nef mutants of the
ell-characterized pathogenic SIVmac239 clone. These
ariants, containing changes in the region with acidic
harge (Aci) and the potential protein kinase C phos-
horylation site (PKC), were characterized in in vitro
ssays of infectivity, replication, kinase association, CD4
own-modulation, and blocking of CD3-initiated signal-
ng. Moreover, the effect of these mutations on viral
athogenicity and on the evolution of mutated nef genes
n vivo was investigated. Our findings on Aci and PKC
egions suggest that these regions are important for Nef
unction and that the ability of Nef to down-modulate cell
urface expression of CD4 and MHC class I and to alter
-cell signaling may be relevant for efficient replication of
IVmac in rhesus macaques. SRESULTS
n vitro properties of Aci- and PKC-Nef
The region with acidic charge and the potential PKC
ecognition site were selected for analysis, because they
re well conserved among HIV-1 (Fig. 1, bottom), HIV-2,
nd SIV Nef sequences (Huang et al., 1995; Myers et al.,
993; Shugars et al., 1993). Moreover, it has been sug-
ested that the interaction of HIV-1 Nef with kinases of
he PKC family may be important for Nef function (Coates
t al., 1997; Coates et al., 1995; Luo et al., 1997; Smith et
l., 1996). It has been shown that the acidic element in
ef is important for efficient replication of HIV-1 (Kawano
t al., 1997) and is involved in trafficking of class I MHC
omplexes (Greenberg et al., 1998). Eight amino acids
ere mutated in the acidic domain and three residues
ere mutated in the putative PKC phosphorylation site
Fig. 1, top). Normalized amounts of the proviral SIV-
ac239 constructs, differing only in the specific changes
n Nef, were transfected into 293T cells to generate virus
tocks by transient expression. To investigate whether
he mutated Nef proteins are expressed at normal levels,
he virus stocks were used to infect CEMx174 cells.
utant and wild-type (239wt) Nef proteins were synthe-
ized in the infected cells at comparable levels (Fig. 2). In
ontrast, no Nef protein could be detected in extracts
rom CEMx174 cells infected with SIVmac239 nef*, which
ontains an in-frame stop codon at the 93rd codon of nef
Kestler et al., 1991). The Aci-Nef migrated slightly faster
han 239wt-Nef and a weak smaller signal was also
bserved (Fig. 2). After longer exposure, a truncated
rotein could also be detected in CEMx174 cells infected
ith the 239wt virus (data not shown).
Aliquots of viral stocks containing 100 ng of p27 de-
ived from transfected 293T cells were used to assess
iral infectivity in sMAGI cells. This cell line is a deriva-
ive of a rhesus macaque mammary tumor cell line en-
ineered to express human CD4. It contains an inte-
rated copy of a truncated HIV-1 long terminal repeat
used to the b-galactosidase gene and allows rapid
uantitation of infectious SIV (Chakerian et al., 1995).
wo nef-defective viruses, SIVmac239 nef*, and DNef, in
hich 182 bp of the nef unique region are deleted (Kest-
er et al., 1991), showed about 10-fold lower infectivities
10.2 6 1.8% and 9.4 6 3%) than the parental SIVmac239
lone (Fig. 3A). Another nef-defective variant, DNU, con-
aining a deletion of 331 bp in the U3 region in addition
o the 182-bp nef deletion (Gundlach et al., 1997), showed
onsistently about 4-fold lower infectivity (27.8 6 6.1%)
han 239wt-Nef. For the Aci-Nef variant values interme-
iate between those of nef1 and nef2 SIVmac239 forms
ere obtained (42 6 11%; Fig. 3A). In comparison, SIV
xpressing the PKC-Nef was almost as infectious as the
arental SIVmac239 clone in sMAGI cells (79 6 8%).
EMx174-SEAP cells were used to assess the effect of
IV Nef on viral infectivity in an independent experimen-
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140 CARL ET AL.al system. This cell line contains the secreted alkaline
hosphatase (SEAP) reporter gene under the control of a
at-responsive truncated SIV-LTR (Means et al., 1997). In
FIG. 1. Alterations in SIVmac239 Nef analyzed (top) and correspon
ocations of the myristylation site, the length variable region in HIV-1 N
nd of the 39 LTR and a predicted b-turn (GPG) are schematically indica
Aci-Nef), and three positions were mutated in the potential PKC recogn
rom both groups of primate lentiviruses are shown in boldface letters
ef.
FIG. 2. Detection of viral proteins in CEMx174 cells infected with
IVmac239 containing wild-type or mutant nef genes. Virus stocks were
repared from transient expression in transfected 293T cells. CEMx174
ells were infected with virus containing 10 ng of p27 core antigen and
roteins in the whole cellular lysate were detected by immunoblot with
polyclonal rabbit anti-Nef serum (top) or an anti-Gag serum derived
rom SIVmac p27 hybridoma cells (55-2F12) (bottom). Uninfected
rEMx174 cells were used as negative control.ontrast to the results obtained with sMAGI cells, no
ignificant differences in infectivity were observed be-
ween wild-type and nef-defective forms of SIVmac239
data not shown). It remains to be elucidated why the
ffect of Nef on infectivity seems to be cell type depen-
ent.
The IL-2-dependent Herpesvirus saimiri transformed
-lymphoid cell line 221 provides an in vitro system for
nvestigating the ability of Nef to cause lymphoid cell
ctivation (Alexander et al., 1997). In agreement with
reviously published data (Alexander et al., 1997), nef-
efective forms of SIVmac grew only about threefold less
fficiently than wild-type forms, in the presence of IL-2
Fig. 3B). In the absence of IL-2 the nef-defective forms
rew in a delayed manner and with strongly reduced
fficiency (Fig. 3C). Similar to the infectivity assays using
MAGI cells, the Aci-Nef variant showed an intermediate
henotype in 221 cells. The PKC-Nef variant replicated
ith slightly delayed kinetics in some experiments and
as undistinguishable from 239wt in others (Fig. 3C, and
ata not shown). Next we investigated the effect of the
utations in the acidic domain and the putative PKC
ecognition site on the ability of Nef to stimulate viral
gions in HIV-1 Nef (bottom). In addition to the mutated regions, the
YxxL/S motifs in SIVmac Nef, basic residues, the PxxP motifs, the 59
the SIVmac239 Nef eight positions were mutated in the acidic domain
te (PKC-Nef). Residues that are usually conserved among Nef proteins
ers indicate amino acid positions in the SIVmac239 and HIV-1 NL4-3ding re
ef, the
ted. In
ition si
. Numbeplication in peripheral blood monocytes (PMBC) from
r
r
t
d
v
s
d
c
e
n
I
t
c
A
m
v
k
i
p
t
v
p
S
I
i
p
t
o
n
p , Aci-N
141SIV Nef FUNCTIONhesus macaques. PBMC from 10 different uninfected
hesus macaques were infected with 2 ng of p27 con-
aining virus immediately after isolation and stimulated 3
ays later, and virus production was measured by re-
erse transcriptase assay. Depending on the donor, in
ome experiments a defective nef caused only a slight
elay in the replication kinetics and about twofold de-
reased levels of virus production, whereas in other
xperiments dramatic differences between nef1 and
ef2 forms were observed (Fig. 3D, and data not shown).
FIG. 3. Infectivity and replication of SIVmac239 Nef variants in compa
irus stocks containing 100 ng of p27 antigen derived from transient
ostinfection. Average values relative to wild type obtained from five
IVmac239 Nef variants in the Herpesvirus saimiri transformed rhesus
L-2. Virus stocks containing 10 ng of p27 antigen were used for infecti
nfected with virus containing 2 ng of p27 antigen. Unstimulated rPBM
ostinfection as described under Materials and Methods. Replication ki
he PKC-Nef and the 239wt-Nef variants, were consistently observed in
f an intact nef gene on replication in rPBMC was more variable and ra
ef-defective forms. Infections were performed and reverse transcripta
hoto-stimulated light emission. n, 239wt; h, nef*; 5, DNU; F, DNef; }n agreement with the results obtained using 221 cells, the PKC-Nef variant consistently showed a replicative
apacity comparable to that of 239wt virus, whereas the
ci-Nef variant was more similar to the nef-defective
utants (Fig. 3D).
Next, biochemical analysis of the Aci-Nef and PKC-Nef
ariants was performed. As shown in Fig. 4A, in vitro
inase assays performed with 239wt-Nef and Aci-Nef
mmune complexes detected several phosphorylated
roteins, including the p65 phosphoprotein. In contrast,
he PKC-Nef did not associate with the p65 phosphopro-
o SIVmac239 wild type. (A) sMAGI cells were infected with aliquots of
ction of 293T cells. b-galactosidase activities were assayed 3 days
ents performed with different virus stocks are shown. (B) Growth of
y T-cell line 221 in the presence (100 U/ml) and (C) in the absence of
escribed previously (Alexander et al., 1997). (D) Replication in rPBMC
infected immediately after isolation and stimulated with PHA 3 days
imilar to those shown in B and C, or even smaller differences between
five independent experiments. Depending on the donor, the influence
rom slightly delayed replication kinetics to fully impaired replication of
ivity was assayed as described under Materials and Methods. P.S.L.,
ef; , PKC-Nef.rison t
transfe
experim
monke
on as d
C were
netics s
two to
nged f
se actein (Fig. 4A). Nevertheless, it was still phosphorylated,
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142 CARL ET AL.s indicated by the 34-kDa phosphoprotein, which rep-
esents the SIVmac239 Nef itself (Lang et al., 1997).
lthough the Aci-Nef associated efficiently with the cel-
ular serine/threonine kinases, it seemed that it was less
fficiently phosphorylated (Fig. 4A).
The relative abilities of 239wt-Nef and mutated Nef
roteins to down-regulate MHC class I and CD4 surface
xpression and to block CD3 signaling were assayed in
FIG. 4. Biochemical properties of Nef variants. (A) Association of Nef
ndicated amounts (mg) of pFJ constructs expressing PKC-Nef (lanes 1 t
0 and 11). Nef immune complexes were precipitated using anti-AU1 a
l., 1997). Labeled proteins were detected by autoradiography. Nef ex
hown in the lower panel using anti-AU1 antibody. Mutations in the Aci
D41 Jurkat T-cells were transiently transfected with the indicated amou
s described (Mariani and Skowronski, 1993; Skowronski et al., 1993; Sk
D69 induction after stimulation with a-CD3 mAb. Jurkat cells were tr
mounts of a-CD3 mAb as described (Iafrate et al., 1997).uman Jurkat T-cells using transient transfection assays 4Greenberg et al., 1998; Iafrate et al., 1997; Luo et al.,
997; Skowronski et al., 1993). The parental 239wt-Nef
llele resulted in an approximately 10-fold decrease in
HC class I (Fig. 4B) and a 20-fold decrease in CD4
urface expression at the highest dose of expression
lasmid (Fig. 4C). The Aci- and PKC-nef alleles showed
ittle activity in MHC class I down-modulation assay (Fig.
B) and were both nonfunctional in the CD4 assay (Fig.
ts with cellular Ser/Thr kinases. COS-1 cells were transfected with the
i-Nef (lanes 4 to 6), 239Nef (lanes 7 to 9), and pFJ vector control (lanes
y and were subjected to in vitro kinase assays as described (Lang et
n was detected by immunoblot in 15 mg of whole cellular protein as
C domains in Nef impair (B) MHC class I and (C) CD4 down-regulation.
plasmids expressing 239wt-, Aci-, or PKC-Nef. Analysis was performed
ki and Mariani, 1995). (D) The Aci- and PKC-Nef are inactive in blocking
ed with Nef expression constructs and stimulated with the indicatedvarian
o 3), Ac
ntibod
pressio
and PK
nts of
owrons
ansfectC). Even at the highest dose of a-CD3 mAb, 239wt-Nef
e
T
t
s
P
M
a
P
i
w
m
i
M
d
—Contin
M
i
143SIV Nef FUNCTIONfficiently blocks induction of CD69 expression (Fig. 4D).
he activity of the Aci-Nef in this assay was reduced and
he PKC-Nef mutant was unable to block CD3-initiated
ignaling (Fig. 4D).
athogenic potential
Two juvenile rhesus macaques, Mm7209 and
m7063, were infected with the Aci-Nef variant and two
FIG. 4
T
Virological, Immunological, and Clinical Findings in Rhesu
Animala
No.
Infected
with
Changes selected in
mutated amino acids
Cellular
viral loadb
RNA
levels
p27
l
7200 239wt n.d. H n.d.c
7209 Aci N88NINQQNNN96 3
DDIDQQDD
L/Ha M/H
7063 Aci none L L
7211 PKC A109TMAYA114 3
RTMSYK
H H
7065 PKC A112 3 T L L
4 Mm DNU n.d. L n.d.
Note. n.d., not done; H, high; L, low; D, declining; S, stable; M, mode
acaca mulatta; wpi, weeks postinfection; 1, moderate; 11, severe;
a The characteristics of the four DNU infected animals have been d
b As shown in Fig. 5C, the cell-associated viral load increased after
c For MM7200 and SIVmac239DNU infected macaques no plasma sanfected with pathogenic and nef-deleted SIV have been described by ten Hanimals, Mm7211 and Mm7065, were infected with the
KC-Nef variant (Table 1). As controls, one animal was
nfected with SIVmac239 wild-type virus and four animals
ere inoculated with the nef-deleted DNU variant. All
acaques became infected and developed a humoral
mmune response against SIV (Fig. 5A), and in Mm7209,
m7063, and Mm7221 Nef-specific antibodies could be
etected (data not shown).
ued
ques Infected with SIVmac239 Wild-type or Nef Variants
n CD41
cells
Antibody
titers Clinical symptoms
D H LA1, thrombocytophenia $40 wpi; † 56 wpi
S H OI, follicular hyperplasia, † 86 wpi
S M None
D H LA11, splenomeg., OI, anemia $28 wpi
hyperpl. of LN & spleen, thrombop.; † 52 wpi
S H None
S H None
, lymphadenopathy; Ln, lymph node, OI, opportunistic infections; Mm,
al died at the indicated wpi.
d by Gundlach et al. (1997).
ks postinfection in Mm7209.
were available for analysis. RNA loads in a great number of macaquesABLE 1
s Maca
antige
evels
H
L
L
H
L
L
rate; LA
†, anim
escribe
40 wee
mples
aft et al. (1998).
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144 CARL ET AL.Mm7063, infected with the Aci-Nef variant, showed a
ourse of infection highly similar to those observed after
noculation with nef-deleted forms of SIVmac239. Virus
ould be isolated only very early in infection, the levels of
27 antigenemia during the acute phase of infection
ere low, and the neopterin levels, as a marker for
onspecific immune activation, were only slightly ele-
ated (Fig. 5). This animal showed stable CD4 counts
nd no signs of immunodeficiency for the 30 months
fter infection (Table 1). In the second animal infected
ith the Aci-Nef variant, Mm7209, the level of plasma
ntigenemia at 2 weeks postinfection was about 8-fold
igher (600 pg/ml) than that obtained upon infection with
ef-deleted virus (58–118 ng/ml) (Fig. 5C). In Mm7209,
he dramatic decrease in the number of infectious PBMC
as observed to be approximately 8 weeks delayed
ompared to infection with nef-defective SIVmac239 and
m7063 (Fig. 5B). Neopterin levels were more than 10-
old elevated during the initial phase (Fig. 5D). Nonethe-
ess, from 20 to 40 weeks postinfection, however, the
linical and virological characteristics were similar to
nfection with nef-deleted SIV. Only about 1 infectious cell
er 1 million cells was detected, levels of p27 in plasma
FIG. 5. In vivo properties of SIVmac239 Nef variants. (A) SIV ELISA
ntigenemia; (D) number of infectious cells per 1 million PBMC; and (E)
escribed under Materials and Methods. The detection limit for viral R
lasma p27 antigen about 20 pg per milliliter of plasma. The neopterin/c
atios determined prior to infection. Shown are mean values of at least th
ere infected with each mutant. 5, Mm7200, 239wt; }, Mm7209, Aci-N
, animal dies during the observation period (see Table 1). Numbers shere at or below the detection limit, and neopterin levels dere low in this time interval. Thereafter, the cellular viral
oad increased about 600-fold, to levels commonly ob-
erved after infection with wild-type SIVmac239 (Fig. 5B).
he animal Mm7209 slowly progressed to immunodefi-
iency and developed opportunistic infections, a marked
astroenteritis, and a mild follicular hyperplasia of some
ymph nodes and spleen (Table 1). It was euthanized 86
eeks after inoculation.
The courses of infection observed in the two ma-
aques inoculated with the PKC-Nef variant differed
rastically. Mm7065 showed the typical course for
trongly attenuated, nef-defective SIVmac239: positive
irus isolated only very early after infection, low levels of
iral RNA and p27 plasma viremia, and no signs of
isease progression (Fig. 5, Table 1). In contrast,
m7211 showed persistently high viral RNA levels (Fig.
B) and cell-associated viral loads (Fig. 5D). Neopterin
evels were strongly elevated, but with a slight delay
ompared to the SIVmac239 wild-type infected animal
Fig. 5E). Mm7211 had high levels of p27 during the acute
hase of infection and developed a persistent viremia
fter 16 weeks postinfection (Fig. 5C). Similar to the
acaque infected with SIVmac239 this animal showed
ody titers in infected macaques; (B) viral RNA load; (C) p27 plasma
neopterin levels in infected animals. Parameters were determined as
approximately 40 copies per milliliter (Ten Haaft et al., 1998) and for
ratio is expressed for each animal as the fold increase over the mean
mples taken during the time intervals indicated. Two rhesus macaques
m7063, Aci-Nef; , Mm7211, PKC-Nef; D, Mm7065, PKC-Nef; F, DNU;
r DNU represent average values obtained from four infected animals.antib
urinary
NA is
reatine
ree sa
ef; {, Meclining CD4 counts and developed severe lymphade-
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145SIV Nef FUNCTIONopathy at 12 weeks postinfection (Table 1). The animal
rogressed to immunodeficiency and had to be eutha-
ized at 48 weeks postinfection. Histology revealed a
evere hyperplasia of the lymph nodes and spleen, op-
ortunistic bacterial infections of the gut-associated lym-
hoid tissue system, and massive cellular infiltration of
iver and kidney. All four macaques infected with the
ef-defective DNU variant remained healthy, with low
iral loads and without signs of immunodeficiency.
volution of the mutated regions in Nef in infected
acaques
Point mutations in nef that disrupt function revert rap-
dly in vivo (Kestler et al., 1991). Therefore, we investi-
ated whether the differential course of infection ob-
erved after inoculation with the same Nef variants was
ue to different levels of reversion.
The Aci-Nef contains 8 nucleotide substitutions pre-
icting changes of amino acids 88 to 96 from
DIDEEDDD 3 NNINQQNNN (Fig. 1). In animal
m7209 no reversions were observed during the first 36
eeks of infection (Fig. 6). At 44 and 48 weeks postin-
ection, however, most nef alleles amplified from PBMC
ontained 2 to 4 amino acid reversions in the mutated
egion (Fig. 6). These reversions occurred concomitantly
ith a rapid increase in viral load (Fig. 5D). Late in
FIG. 6. Evolution of the mutated regions in Nef in vivo. Nef-spanning
escribed (Lang et al., 1997). The sample dates (wpi: weeks postinfec
ndicate identity with the 239wt-Nef sequence. The results were confirnfection, only 2 of the original substitutions were still cresent: 92/93EE 3 QQ (Figs. 6 and 7). The majority of
ef sequences obtained late in infection from this animal
ontained several additional amino acid changes (R113
; R303 Q; E783 K; R1033 E/K; K1053 R; I1443 T,
nd N181 3 D) (Fig. 7). Most of these substitutions are
onservative and none of these changes were also ob-
erved in Mm7063 or in macaques infected with other
IVmac239 Nef mutants (data not shown). Strikingly,
bout 50% of the Nef sequences obtained from PBMC
amples drawn after 72 weeks postinfection contained a
-amino-acid deletion that has not been observed previ-
usly. This deletion was also detected in nef sequences
btained from lymph nodes, thymus, and kidneys, but not
rom spleen (Fig. 7). Three of the 25 sequences obtained
rom late PBMC samples, or from different lymphatic
issues, contained frameshift mutations, and 2 contained
remature stop codons. Small deletions of 2 or 4 amino
cids were also observed (Fig. 7). Thus, the frequency of
0% defective nef genes at late time points was relatively
igh, compared to 5 to 10% of nef alleles amplified from
ther animals (data not shown). In the second animal
nfected with the Aci-Nef variant, Mm7063, no reversions
ere observed and this animal remained asymptomatic,
ith low viral loads, during the 30-month observation
eriod.
The PKC-Nef mutant contains a total of six nucleotide
ents were amplified from isolated PBMCs, cloned, and sequenced as
nd the numbers of individual clones analyzed are indicated. Dashes
direct sequencing of the PCR products.fragm
tion), ahanges in codons 109 (AGA 3 GCA, R 3 A), 112
146 CARL ET AL.
(
d
i
s
o
l
s
c
1
p
(
u
M
s
o
F
c
a
t
r
c
I
d
d
r
Q
t
f
i
m
N
s
r
o
r
l
s
s
6
c
a
f
K
i
(
e
(
T
m
m
n
M
d
d
a
b
d
n
I
d
r
N
d
t
w
d
N
C
d
c
M
8
m
N
d
c
p
i
N
2
b
t
w
a
i
t
(
t
A
p
t
a
i
l
a
o
f
147SIV Nef FUNCTIONAGT3 GCT, S3 A), and 114 (AAA3 GCA, K3 A). The
evelopment of high viral loads and the progressive
nfection in Mm7211 was accompanied by rapid rever-
ions in the nef gene. At 1 week postinfection only the
riginal mutant form was detected (Fig. 6). One week
ater, 5 of 10 clones contained reversions to the wild-type
equence, 3 contained the original mutations, and in 2
lones reversions were present only at positions 112 and
14 (Fig. 6). Thereafter, forms in which the putative PKC
hosphorylation site was restored became predominant
Fig. 6). The rapid reversion was also confirmed by pop-
lation sequencing (data not shown). The second animal,
m7065, which was infected with the same virus stock,
howed an attenuated phenotype, and changes were
bserved at only one of the mutated positions (112A3 T,
ig. 6). This form did slowly come to predominate, indi-
ating that there is only a slight selective advantage for
threonine at position 112 in SIV Nef. These data show
hat both regions analyzed are important for efficient
eplication and pathogenicity of SIVmac in rhesus ma-
aques.
n vitro properties of nef alleles selected in vivo
Next, we investigated whether the functional activities
isrupted by the Aci or PKC mutations were restored
uring in vivo selection. In Mm7209, variants containing
eversions at three of the eight mutated positions (NNIN-
QNNN 3 NNIDQQDDN) were frequently observed af-
er 44 weeks postinfection (Figs. 6 and 7). The remaining
ive substitutions (DDIDEEDDD 3 NNIDQQDDN) were
ntroduced into the SIVmac239 genome by site-directed
utagenesis for functional analysis. This form, named
NQQN-Nef, showed marginally increased infectivity in
MAGI cells (Fig. 8A) and no significant improvement in
eplication efficiency in rhesus PBMC (rPBMC) (Fig. 8B)
r 221 cells (Fig. 8C). Very little activity in CD4 down-
egulation was observed, but the ability to down-modu-
ate MHC class I surface expression was partially re-
tored (Fig. 9A). Late in infection, forms containing rever-
ions at six of the eight mutated positions emerged (Figs.
and 7). SIVmac239 containing only the 92/93EE3 QQ
hanges in Nef and variants containing additional amino
cid substitutions selected throughout the course of in-
ection of Mm7209 (11R3 K, 30R3 Q, 78E3 K, 103R3
, 105K 3 R, 144I 3 T, and 181N 3 D) showed an
nfectivity comparable to SIVmac containing 239wt-Nef
Fig. 8A). These variants also replicated with enhanced
FIG. 7. Alignment of the predicted amino acid sequences detected in
cid substitutions were detected until 40 weeks postinfection. The SIVm
n Mm7209 is shown below. The mutated acidic domain is shaded and
eft column the two-digit numbers give weeks postinfection, and the
mplified from rPBMC obtained at the time points indicated. Dashes in
ptimize the alignment; an asterisk indicates a stop-signal; a forward sunctional analysis. Thy, thymus; Lnme, mesenteric lymph node; Lnax, axillaryfficiency, compared to the Aci-Nef variant, in rPBMC
Fig. 8B) and in 221 cells (Fig. 8C). The QQ-Nef and
hy1-Nef were active in MHC class I and CD4 down-
odulation, but less than 239wt-Nef (Fig. 9A). Further-
ore, several additional point mutations and(or) a 9-ami-
o-acid deletion were frequently observed. Strikingly, in
m7209, a high proportion of nef alleles obtained from
ifferent tissues at late time points contained a 27-bp
eletion (D60–68). This deletion reduced viral infectivity
nd replication efficiency when present in the 239wt-Nef
ackbone (239D60–68Nef; Fig. 8) and also impaired CD4
own-regulation (Fig. 9A). Interestingly, this deletion did
ot impair the ability of Nef to down-regulate MHC class
surface expression (Fig. 9A). Variants containing the
eletion of amino acids 60 to 68 in conjunction with
eversions at three positions (Lnax1-Nef and DNNQQN-
ef) showed replication kinetics similar to those of nef-
efective controls (Fig. 8). The Thy3-Nef, which con-
ained six reversions in the acidic domain and D60–68,
as only slightly more active in replication. Accordingly,
eletion of amino acids 60 to 68 consistently reduced
ef activity in infectivity and replication assays and in
D4 down-regulation but had no effect on MHC class I
own-modulation. Overall, a complex mix of nef alleles
ould be detected during the final stage of infection of
m7209. Four of 18 sequences (22%) detected at or after
0 weeks postinfection (wpi) were defective due to pre-
ature stop codons or frameshift mutations; 8 deduced
ef protein sequences (44%) contained the 9-amino-acid
eletion together with reversions at 6 (5 clones), 5 (1
lone), or 3 (2 clones) of the mutated positions and are
redicted to have strongly reduced activity; the remain-
ng 6 clones (33%) were predicted to express functional
ef.
The Aci-Nef migrated with slightly faster kinetics than
39wt-Nef in SDS–PAGE (Fig. 2). The possibility could not
e excluded that the major form represents a degrada-
ion product. Therefore, CEMx174 cells were infected
ith SIVmac239 Aci-Nef variants containing reversions
t three or six of the mutated positions and analyzed by
mmunoblot (Fig. 9B). The reversions resulted in an elec-
rophoretic mobility more similar to that of 239wt-Nef
Fig. 9B). Furthermore, all Nef proteins were detected in
he infected cells at comparable levels. For the original
ci-Nef, and forms containing reversions at only three
ositions, a minor smaller signal was also detected. For
he 239wt-Nef, QQ-Nef, and DQQ-Nef, a similar band
09 at late time points of infection. No reversions or consistent amino
ild-type Nef sequence is shown on the top line, the Aci-Nef inoculated
ea in which a nine-amino-acid deletion was observed is boxed. In the
mber specifies the individual clones. Nef-spanning fragments were
identity with the 239wt-Nef sequence; dots denote gaps introduced to
icates a frameshift mutations; arrows indicate nef alleles selected forMm72
ac239 w
the ar
last nu
dicate
lash indlymph node; Ki, kidney; Sp, spleen.
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148 CARL ET AL.as observed only after overexposure (data not shown).
he results indicate that the specific changes of eight
harged amino acids lead to slightly faster migration
inetics of the Aci-Nef in SDS–PAGE and in slightly de-
reased protein stability.
FIG. 8. Infectivity and replication of SIVmac239 Nef variants selected
-galactosidase activities were assayed as described. Average values
hown. (B) Replication of SIVmac239 Nef variants in rPBMC and (C) re
o Fig. 3. n, 239wt-Nef; h, nef*; F, Aci-Nef; U, Thy1-Nef; }, Thy3-Nef; e
ontains a deletion of amino acids 60 to 68 in Nef, DNNQQN contains th
ontains two amino acid substitutions of 92/93EE 3 QQ, and Lnax1-N
esults were obtained in two independent experiments.
FIG. 9. Biochemical properties and expression of Aci-Nef variants. (A
urkat cells were transfected with plasmids expressing the Nef prote
ethods. (B) Nef expression in infected CEMx174 cells. Immunoblot wa
bottom). The mutant Nef proteins are described in the legend to Fig. 8.As mentioned above, the course of infection in the two
nimals infected with the PKC-Nef variant differed dra-
atically. In the nonprogressing animal, Mm7065 vari-
nts containing a 112A3 T substitution, named ATA-Nef,
lowly became predominant over time (Fig. 6). This
(A) sMAGI cells were infected with virus containing 100 ng of p27, and
ed from three experiments performed with different virus stocks are
n in 221 cells. Infections were performed as described in the legend
-Nef; , QQ-Nef; 5, NNQQN-Nef; :, D60-68; 5? , DNNQQN-Nef. D60-68
tion in conjunction with five substitutions in the acidic domain; 239-QQ
1-Nef, and Thy3-Nef represent the nef alleles shown in Fig. 7. Similar
-modulation of MHC class I (left) and CD4 (right) surface expression.
icated in the figure and assayed as described under Materials and
med with a polyclonal rabbit anti-Nef serum (top) or an anti Gag serumin vivo.
obtain
plicatio
, Lnax1
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149SIV Nef FUNCTIONhange only partially restored CD4 down-modulation but
ot blocking of CD69 induction (Fig. 10). The infectivity of
his variant for sMAGI cells seemed to be reduced, com-
ared to the original PKC-Nef mutant (Fig. 8A). In
m7211 rapid reversion of all three mutated positions to
39wt-Nef occurred. To investigate the functional impact
f mutations in the putative PKC recognition site, each of
he three amino acids (RSK) was mutated to alanine
ndividually and in combination. As shown in Fig. 10B all
hanges in the PKC motif, with the exception of RSA-Nef,
isrupted the ability of Nef to block T-cell receptor sig-
aling (Fig. 10B). In contrast, the impact of these muta-
ions on CD4 down-modulation was lower. Changing
12S 3 A and/or 114K 3 A had little influence in this
ssay (Fig. 10A). Only the triple PKC-Nef mutant, the AAK
utant, and the ATA mutant showed little, if any, CD4
own-regulation. The ASK-Nef variant, which was ob-
erved early in infection of Mm7211, showed an interme-
iate phenotype in CD4 down-regulation.
IVmac239 wild-type outgrows the PKC-Nef variant in
21 cells
It was surprising that the PKC-Nef variant replicated
ith kinetics similar to those of SIVmac239 wild-type in
21 cells and rPBMC (Fig. 3), but showed rapid reversion
FIG. 10. CD4 down-regulation (A) and blocking of CD69 induction (B)
y Nef variants containing changes in the putative PKC recognition site.
ells were transfected with the expression constructs indicated and
ssayed as described (Iafrate et al., 1997; Skowronski et al., 1993;
kowronski and Mariani, 1995). The three-letter code in the right panel
pecifies the amino acids present at positions 109, 112, and 114.
39wt-Nef contains RSK at these positions. The symbols for the mu-
ants analyzed are indicated in the figure.Mm7211) or low viral load (Mm7065) in infected animals. so detect modest differences in replicative capacity in
itro, coinfection experiments in 221 cells were per-
ormed. This method provides a very sensitive assay to
ssess the relative replication kinetics. As shown in Fig.
1A, both the 239wt- and the PKC-Nef variant readily
utgrew forms containing deletions in Nef after 2 to 3
assages. Direct sequencing of nef fragments, amplified
rom 221 cells coinfected with SIVmac239 wild-type and
he PKC-Nef variant, revealed that the wild-type form
ecame the predominant form (Fig. 11B). Thus, in this in
itro assay for the effect of Nef on SIV replication, the
KC-Nef variant shows reduced activity, compared to
39wt, but is clearly more active than nef-deleted forms
f SIVmac239.
DISCUSSION
Extensive sequence analysis of Nef has shown that an
-terminal myristylation signal, a region with an acidic
harge, a putative SH3-binding domain (P104xxP107 motif),
nd a potential protein kinase C phosphorylation site are
ighly conserved, not only among SIV Nef sequences,
ut also among HIV-1 and HIV-2 Nef proteins (Myers et
l., 1993; Shugars et al., 1993). We have previously shown
hat mutations in one of these four regions, the PxxP
otif, disrupted the association of SIVmac239 Nef with
he p62 phosphoprotein, but had little effect on the ability
f Nef to down-regulate CD4 or to alter CD3 signaling
Lang et al., 1997). Mutations at proline residues 104 and
07 in SIVmac239 Nef revert slowly, and some infected
nimals show high virus load and disease progression
ithout reversion, indicating that an intact PxxP motif in
IV Nef is not critical for AIDS pathogenesis in rhesus
acaques (Khan et al., 1998; Lang et al., 1997). The
resent study suggest that in contrast to a putative SH3-
inding domain, the region with an acidic charge and a
utative PKC phosphorylation site in SIV Nef are impor-
ant for efficient viral replication and pathogenicity of
IVmac in rhesus macaques. The Aci- and PKC-Nef vari-
nts were defective in MHC class I and CD4 down-
egulation and unable to block CD3 initiated signaling in
urkat T cells. While the Aci-Nef showed an intermediate
o nef-defective phenotype in infectivity and replication
ssays, the PKC-Nef was almost as active as SIVmac239
ild-type in these in vitro assays (summarized in Table
). Thus, the data provide some new information on the
elative importance of different in vitro activities of Nef for
fficient viral replication and pathogenicity in vivo.
The Aci-Nef associated with a 62-kDa protein phos-
horylated in in vitro kinase assays. Accordingly, the
nteraction of SIVmac Nef with the p62 phosphoprotein is
ot sufficient to confer a wild-type phenotype in vivo. The
KC-Nef was inactive in p62 association, in MHC class I
nd CD4 down-modulation, and in interfering with TCR
ignaling. However, the PKC-Nef variant consistently
howed an activity close to that of 239wt in infectivity and
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150 CARL ET AL.eplication assays. In one animal infected with the PKC-
ef variant, the levels of p27 viremia during the acute
hase of infection were very low, and in the second
nimal rapid reversion was observed. Therefore, the
bility of Nef to enhance viral infectivity and to stimulate
eplication in primary cells in vitro may be not sufficient
o allow efficient replication in vivo. Animal numbers
ere limited, however, and coinfection experiments re-
ealed that the PKC-Nef variant shows some reduction in
eplicative capacity in 221 cells. Therefore, this observa-
FIG. 11. Coinfection of 221 cells with SIVmac239 Nef variants. (A) 221
ndicated. At weekly intervals the supernatant was used to infect a new
NA. The nef genes were amplified from 221 cells infected with the DN
hat were grown in the presence of IL-2; in the absence of IL-2 simila
IVmac239DNU control. (B) PCR amplification products were mixed
ethods (top). (Bottom) Result of direct sequencing of PCR fragmen
assages. Only results obtained for codon 112, which was mutated from
ucleotides: A, yellow; C, blue; G, black, and T, red. The estimated per
ottom.ion requires further evaluation. cIt has been shown that single point mutations in SIV-
ac nef revert quickly and universally in infected animals
Kestler et al., 1991). In the present study, reversions
ere observed during acute infection in one of two
acaques inoculated with the PKC-Nef variant and dur-
ng chronic infection in one of the two animals infected
ith the Aci-Nef mutant. The rapid reversion of three
utated amino acids in the PKC-Nef and the emergence
f Aci-Nef variants that contained reversions in up to six
f the eight mutated positions further illustrates the high
ere infected with equal amounts of p27 antigen (10 ng) of the mutants
e (passages 1 to 4) and the cells were used for extraction of genomic
variant and the variants indicated. The results are shown for 221 cells
s were obtained (data not shown). K, negative control; D, nef-deleted
rent molar ratios and sequenced as described under Materials and
lified from 239wt/PKC-Nef infected cells obtained after one to four
o GCT (S3 A), are shown. The following colors were used for the four
e of proviral templates carrying the PKC mutations is indicated, at thecells w
cultur
U-Nef
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151SIV Nef FUNCTIONunction in vivo. The finding of reversion in a subset of
nfected macaques, and stable attenuation in others, is
imilar to previous observations with an SIV variant con-
aining an in-frame deletion of 12 bp in nef (Whatmore et
l., 1995). Selection of revertants depends on the number
f nucleotide changes required to mediate a selective
dvantage and the levels of viral replication. The result
hat revertants only came to predominate in half of the
nimals may be explained by both chance and the ability
f the infected macaques to control viral replication. It
as been previously described that virulent forms of SIV
an evolve in vivo, even in the presence of an immune
esponse that should be protective against challenge
ith pathogenic SIVmac (Whatmore et al., 1995). Simi-
arly, the late reversion of changes introduced in the
cidic domain occurred concomitantly with increasing
iral load and slow progression to fatal disease. Obvi-
usly, reversions are most likely to occur at sites of
aximum viral replication. Thus, the environment for
urther spread of a revertant may be more optimal com-
ared to virions applied iv or to mucosal membranes.
The pattern of reversions in Mm7209 infected with the
ci-Nef variant suggests that negatively charged amino
cids at positions 88, 89, 91, and 94 to 96 in Nef are
mportant for SIV replication in vivo. These reversions in
he acidic element restored infectivity and replication in
rimary lymphocytes and the ability of Nef to down-
egulate CD4 and MHC class I, indicating that at least
ome of these functions are important in vivo. However,
dditional Nef functions that are not measured by these
n vitro assays may also be restored. Nef alleles ampli-
ied from Mm7209 at 44 and 48 weeks postinfection
redominantly contained reversions at three of the eight
utated positions. Although the cell-associated viral
T
Functional Relevance
variant:
Replication and infectivitya
p65CEMx174 rPBMC 221 sMAGI (%)
239wt 11 11 11 100 6 8
Aci 11 (1) 1 42 6 11
PKC 11 11 11 79 6 8
nef* 11 (1) (1) 10 6 2
DNef 11 (1) (1) 9 6 3
DNU 11 (1) (1) 28 6 6
Note. n.d., not done; Rev, reversion to wild type; REV, changes that
a Replication in CEMx174 cells, rPBMC, and Herpesvirus saimiri tran
nfected and cultured as described under Materials and Methods. 11
b Association with p65 and Nef phosphorylation as determined in in
ith respect to Nef phosphorylation.
c Assayed in dose-dependent transient cotransfection assays in Ju
p-regulation.
d Replication in rhesus macaques.oad increased about 100-fold during this time of infec- lion, these variants showed little increase in most in vitro
ctivities analyzed. The greatest restorative effect was
bserved in down-regulation of MHC class I molecules
Fig. 9). Therefore, it seems that relatively modest differ-
nces in Nef activity in vitro may have a considerable
nfluence on viral replication in vivo. The frequency of
efective nef alleles at the final stage of infection of
m7209 was surprisingly high. We have also found up to
0% of defective HIV-1 nef alleles in some AIDS patients
R. Daniels, P. Easterbrook, and F. Kirchhoff, unpublished
bservations). One could speculate that the selective
ressure to maintain open functional nef genes is re-
uced during the final stages of infection, when immune
unction is destroyed.
The amino acid changes observed in the two animals
nfected with the PKC-Nef variants raise some new ques-
ions. Although the slow selection dynamics and the
onprogressive status of Mm7065 suggest that the 112A3
change is not sufficient to restore the relevant function
n vivo, the observation that this form becomes predom-
nant indicates some selective advantage. Since we see
inimal improved activity in CD4 down-modulation, and
one in blocking of CD3 signaling, infectivity, and repli-
ation in lymphocytes, it remains to be elucidated which
unction or interaction is restored by the 112A 3 T
hange. The putative PKC recognition site (Rx2S/TxK) is
onserved among all SIV and HIV Nef proteins (Myers et
l., 1993; Shugars et al., 1993), and rapid reversion of all
hree mutated positions in Mm7211 suggest that conser-
ation of all three sites is relevant for viral replication in
hesus macaques. Detailed functional analysis of this
egion revealed that only the mutation of all three posi-
ions completely disrupts CD4 down-regulation and
locking of CD3 signaling, whereas single changes had
ac239 nef Mutations
Nef-P. CD42c MHC-I2c CD691c In vivod
1 1 1 1 11
(1) 2 2 2 (1)/REV.
1 2 2 2 (1)/Rev.
n.d. n.d. n.d. n.d. Rev.
n.d. n.d. n.d. n.d. (1)
n.d. n.d. n.d. n.d. (1)
functional Nef activity in in vitro assays.
d 221 rhesus monkey cells and infectivity in sMAGI cells. Cells were
nt replication; 1, reduced replication; (1), inefficient replication.
inase assays (38). 1, efficient; (1), weak, and 2, no p65 association,
ells as described under Materials and Methods. 2, down- and 1,ABLE 2
of SIVm
-Ass.b
1
1
2
n.d.
n.d.
n.d.
restore
sforme
, efficie
vitro k
rkat T cittle or no effect (Fig. 10). A lysine at position 114 in SIV
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152 CARL ET AL.ef is highly conserved and was selected in vivo. None-
heless, the 114K3 A substitution alone had little effect
n Nef activity in the in vitro assays analyzed. Some work
as been done to investigate the interaction(s) of PKC
soforms with Nef (Coates et al., 1991, 1997; Luo et al.,
997; Smith et al., 1996). However, the relevant PKC
soforms and the phosphorylation sites need to be fur-
her defined. Since a potential protein kinase C recogni-
ion site in SIV Nef seems to be important in vivo, iden-
ification of the cellular factor(s) that interacts with this
ite in the SIV and HIV-1 Nef should have high priority.
MATERIALS AND METHODS
onstruction of SIVmac239 Nef mutants
Site-directed mutagenesis to generate the Aci- and
KC-Nef variants (Fig. 1) was performed by spliced over-
ap extension PCR (Ho et al., 1989; Horton et al., 1989).
riefly, the env/nef region was amplified using primer
NeMu1 (59-GGAGTAATACTGTTAAGAATAGTG-39; 8957 3
980) and pNeMu5 (Aci) (59-ATTTTGCTGATTTATATTAT-
ATATTTGTTTTCTG-39; 9578 4 9614) or pNeMu9 (PKC)
59-GCGTAAGCCATTGTTGCTAGGGGAACTTTTG-39;
643 4 9673). The nef/LTR region was amplified using
rimer pNeMu2 (59-CTTCAAGAATTCTGCTAGGGATTT-
CC-39), complementary to bases 10,521 to 10,535 in the
9 LTR and containing an EcoRI restriction site (boldface)
nd pNeMu6 (Aci) (59-TAATTAATAGCAAAATAATAACTTG-
TAGGGGTATC-39; 9666 3 9634), or pNeMu10 (PKC)
59-GCAACAATGGCTTACGCATTGGCAATAGACATG-39;
657 3 9689). Numbers refer to the published SIV-
ac239 sequence (Regier and Desrosiers, 1989); mu-
ated positions are underlined. The left- and right-half
CR products were gel purified, mixed in equimolar
mounts, and subjected to a second PCR with primers
NeMu1 and pNeMu2. The PCR products were purified
nd inserted into a modified pBR322 vector containing
he full-length SIVmac239 proviral DNA by using the
nique NheI and EcoRI sites in the SIV envelope and the
ector sequences flanking the 39 end of the provirus.
equence analysis of the PCR-derived inserts confirmed
hat only the intended changes were present (Fig. 1).
hree nef-defective controls were used: (1) SIVmac239
ef* contains a premature in-frame TAA stop signal at
he 93rd codon of nef (Kestler et al., 1991); (2) SIVmac239
Nef contains a 182-bp deletion in nef (Kestler et al.,
991); and (3) DNU contains an additional deletion of 331
p in the LTR U3 region (Gundlach et al., 1997). The U3
eletion comprises only sequences that are selectively
eleted in rhesus macaques infected with nef-defected
IVmac and does not affect known important cis-acting
lements (Kirchhoff et al., 1994).
ells, infectivity, and viral replication
COS, 293T, and sMAGI cells were grown in DMEM
upplemented with 10% fetal calf serum (FCS). Infection ff sMAGI cells was performed as described previously
Chackerian et al., 1995), except that no DEAE–dextran
as added. Viral infectivity was quantitated using the
alacto-Light Plus chemoluminescence reporter assay
it (Tropix, Bedford, MA) as recommended by the manu-
acturer. CEMx174-SEAP cells were maintained as de-
cribed (Means et al., 1997) and infected with virus con-
aining 10 ng of p27 antigen. Supernatant was collected
t 3- or 4-day intervals and the activity of the secreted
lkaline phosphatase was measured with the SEAP-
hospha Light kit (Tropix). The Herpesvirus saimiri trans-
ormed T-cell line 221 (Alexander et al., 1997) was main-
ained in the presence of 100 U IL-2 per milliliter (Boeh-
inger, Heidelberg, Germany) and 20% FCS, and infec-
ions were performed in the presence and in the ab-
ence of 100 U IL-2 per milliliter and with 20 or 5% FCS
s described previously (Alexander et al., 1997). Rhesus
BMC were isolated using lymphocyte separation me-
ium (Organon Teknika Corp., Durham, NC), infected
mmediately with virus stock containing 2 ng of p27, and
ept in RPMI 1640 with 10% FCS. Residual virus was
emoved by washing the cells 16–18 h after infection.
hree days postinfection cells were stimulated with PHA
2 mg/ml, Sigma) for 3 days, washed, and maintained in
PMI 1640 medium supplemented with 20% FCS and 50
/ml IL-2. Virus production was measured by reverse
ranscriptase assay as described (Potts, 1990).
roduction of virus stocks
COS-7 cells were transfected with 5 mg of full-length
roviral DNA constructs using a DEAE–dextran protocol
Cullen, 1987). At 48 h posttransfection the medium was
eplaced with fresh DMEM supplemented with 10% FCS.
irus stocks were harvested at 4 and 6 days posttrans-
ection from cell culture supernatant, filtered through a
.45-mm-pore-size filter and stored at 270°C. 293T cells
ere transfected by the calcium phosphate method
Deng et al., 1996) with 10 mg of the proviral constructs.
he medium was changed after overnight incubation and
irus was harvested 24 h later. Viral stocks were ali-
uoted and frozen at 270°C, and p27 antigen concen-
rations of viral stocks were quantitated with a commer-
ial HIV-1/HIV-2 ELISA (Immunogenetics, Zwijndrecht,
elgium).
ef expression in infected CEMx174 cells
CEMx174 cells were infected with virus containing 10
g of p27 core antigen derived from transfected 293T
ells. When cytopathic effects were observed, cells were
elleted and lysates were generated as described pre-
iously (Morrison et al., 1993). Expression of Nef proteins
n whole cellular lysates was analyzed by immunoblot
sing a rabbit anti-Nef serum (Du et al., 1995). For de-
ection of p27 core protein an anti-Gag serum derived
rom SIVmac p27 hybridoma cells (55-2F12) was used
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153SIV Nef FUNCTIONHiggins et al., 1992). For ECL detection horseradish
eroxidase-conjugated secondary antibodies were used
s described by the manufacturer of the ECL detection
ystem (Amersham, Chicago, IL).
iochemical and functional analysis
Immunoprecipitation, immunoblotting, and in vitro pro-
ein kinase assays were performed as described (Du et
l., 1995; Lang et al., 1992). Dose–response analysis of
he effect of Nef on CD4 and MHC class I cell surface
xpression was performed as described previously
Greenberg et al., 1998; Mariani and Skowronski, 1993;
kowronski et al., 1993). The effect of Nef expression on
D3 initiated signaling, as revealed by CD69 induction in
esponse to anti-CD3 MAb, was assayed as described
Iafrate et al., 1997). Briefly, Jurkat T cells (JJK subline,
rovided by Dan R. Littman) were electroporated with 25
g of DNA, containing 3 mg of CMV CD20 marker plas-
id and various amounts of expression plasmids and
arrier DNA. Then 18 to 24 h after transfection, cells were
timulated by overnight incubation with the anti-CD3
IT3A mAb (PharMingen). To reveal CD3 and MHC class
surface expression, cells were incubated for 1 h on ice,
t 30 to 36 h after transfection, with PerCP-conjugated
nti-CD20 mAb (Leu-16, Becton Dickinson) and a phyco-
rythrin-conjugated anti-CD3 mAb (Leu3A, Becton Dick-
nson) together with a FITC-conjugated anti-HLA A,B,C,
Ab (G46-2.6, PharMingen). To reveal CD69 expression,
ells were incubated with a FITC-conjugated anti-CD69
Ab (FN50, PharMingen). CD4, CD20, CD69, and class I
HC surface expression was analyzed using an Epics-
lite flow cytometer. For dose–response analysis, the
evels of CD4, CD69, or class I MHC are represented by
he peak channel number of red or green fluorescence
n CD201 cells.
nfection of rhesus macaques
Juvenile rhesus macaques of Indian origin were ex-
erimentally infected by intravenous inoculation of SIV-
ac239 or derived nef mutants containing 10 ng of p27
roduced by transfected COS-7 cells. The animals were
ealthy and seronegative for SIV, D-type retroviruses,
nd simian T-cell lymphotropic virus type 1 at the time of
nfection. Serological, virological, and immunological
nalyses were performed as described previously (Stahl-
enning et al., 1990, 1992; Ten Haaft et al., 1998). Urinary
eopterin levels were determined and normalized for
rinary creatine concentration as previously described
Fendrich et al., 1989; Lang et al., 1992).
etection of reversions
SIV DNA sequences spanning nef were either ampli-
ied directly from PBMC DNA with a nested PCR ap-
roach (Kirchhoff et al., 1994) or were obtained from
hole cellular DNA isolated from positive PBMC/EMx174 bulk cocultivation followed by one round of
CR amplification. PCR fragments were gel-purified with
he QuiaQuick gel extraction kit (Diagen, Basal, Switzer-
and) and sequenced directly or following subcloning
nto the pCRII vector (Invitrogen Corp., San Diego, CA).
equencing was performed with the PRISM sequencing
it (Perkin–Elmer, Foster City, CA) and with an Applied
iosystems 373 DNA sequencer following the protocols
f the manufacturers.
oinfection of 221 cells
The T-lymphoid cell line 221, which is highly suscepti-
le to SIVmac infection (Alexander et al., 1997), was used
o detect modest differences in replication of SIVmac Nef
ariants. A total of 2.5 million 221 cells were seeded in
4-well plates, coinfected with two virus stocks, each
ontaining 10 ng of p27 antigen, and cultured s de-
cribed (Alexander et al., 1997). In weekly intervals, 50 ml
f cell-free supernatant was used to infect a fresh 221
ell culture and the infected cells were pelleted for ex-
raction of genomic DNA. Subsequently, the nef/LTR re-
ion was amplified, and the PCR products were analyzed
y electrophoresis through 1.5% agarose gels and direct
equencing as described previously (Lang et al., 1997).
xperiments were performed in the presence (100 U/ml)
nd in the absence of IL-2.
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